Background
==========

Heart disease and cancer are currently the two leading causes of death in the United States, creating an intriguing scenario when these two diseases intersect. An anticipated 1.6 million new cancer cases will be diagnosed in 2015, with almost 600,000 deaths from cancer this year and nearly equivalent numbers of cardiovascular deaths.[@b1-cmc-suppl.2-2015-047],[@b2-cmc-suppl.2-2015-047] Overall improvements in cancer survival are likely due to advancements in early recognition and novel treatment modalities. Unfortunately, with the improvement in the morbidity and mortality of cancer comes the increase in long-term cardiac toxicity associated with cancer treatments. Cardiovascular side effects negatively impact quality of life and survival. More so, the development of toxicity may warrant adjustments or discontinuation of the chemotherapy regimen, worsening outcomes. As such, early recognition of cardiac dysfunction becomes imperative. The field of cardio-oncology is evolving in an effort to provide an integrative approach to this complicated patient population.

Types of Cardiotoxicity
=======================

Cancer therapy has been shown to cause a wide variety of cardiac toxicities, including arrhythmias, myocardial ischemia, coronary artery disease, hypertension, and myocardial dysfunction. With respect to ventricular dysfunction, two categories have been previously proposed and conventionally accepted thus far.

Type I cardiotoxicity, seen classically with anthracyclines, is thought to be irreversible, dose related, and caused by free radical formation, oxidant stress, and myofibrillar disarray.[@b3-cmc-suppl.2-2015-047] Type II cardiotoxicity, seen traditionally with the use of trastuzumab, has been described as reversible and not dose related, with no accompanied ultrastructural abnormalities.[@b3-cmc-suppl.2-2015-047]

The distinction between type I and type II may be more complicated than once perceived. Studies have shown improvement in anthracycline-induced cardiac dysfunction with heart failure (HF) therapy,[@b4-cmc-suppl.2-2015-047] while other studies have shown irreversible scar formation on magnetic resonance imaging in patients treated with trastuzumab.[@b5-cmc-suppl.2-2015-047] The cardiotoxicity occurring with anthracyclines can be acute, occurring in less than 1% of patients and characterized by a transient decline in myocardial contractility or chronic, occurring in 1.6% to 5% of patients, occurring at least 1 year after the completion of therapy.[@b6-cmc-suppl.2-2015-047]

Cancer Therapies with Potential Cardiac Toxicities
==================================================

Anthracyclines
--------------

Anthracyclines such as doxorubicin, daunorubicin, and idarubicin are used in the treatment of sarcomas, lymphomas, and leukemias as well as for adjuvant therapy in breast cancer.[@b6-cmc-suppl.2-2015-047] They are important antitumor agents with a proposed mechanism that includes intercalation into nuclear DNA to impair protein synthesis, in addition to production of reactive oxygen species and inhibition of topoisomerase II to inhibit DNA repair ([Table 1](#t1-cmc-suppl.2-2015-047){ref-type="table"}).[@b7-cmc-suppl.2-2015-047] The mechanism of cardiotoxicity is thought to relate to the interaction between doxorubicin and topoisomerase II, present on cardiac myocytes, resulting in cell death.[@b8-cmc-suppl.2-2015-047] Anthracyclines directly damage cardiac myocytes with a 1%--5% incidence of left ventricular dysfunction (LVD).[@b4-cmc-suppl.2-2015-047] Diastolic dysfunction can occur at cumulative doses of 200 mg/m^2^ preceding left ventricular (LV) systolic dysfunction, which can occur at doses beyond 400--600 mg/m^2^.[@b7-cmc-suppl.2-2015-047] Risk factors for cardiac toxicity include higher single dose, intravenous bolus administration, history or prior chest radiation, and concurrent use of other agents with potential cardiotoxic effects. Patients with underlying traditional cardiac risk factors such as hypertension, diabetes mellitus, hyperlipidemia, smoking history, and known coronary artery disease or LVD are also at increased risk.[@b6-cmc-suppl.2-2015-047] Monitoring of cardiac dysfunction can be achieved with the use of Multiple-Gated Acquisition[@b9-cmc-suppl.2-2015-047] or echocardiography.[@b10-cmc-suppl.2-2015-047] More recently, strain imaging, a measure of deformation of myocardium, has been shown to be a more sensitive means of detecting abnormalities that precede reductions in left ventricular ejection fraction (LVEF).[@b11-cmc-suppl.2-2015-047] The incorporation of biomarkers such as troponin[@b12-cmc-suppl.2-2015-047] and brain natriuretic peptide[@b13-cmc-suppl.2-2015-047] in surveillance can serve as another means of monitoring; however, the optimal biomarker approach requires further study. Antioxidants such as dexrazoxane, given along with anthracyclines, have been shown to reduce cardiac events and the incidence of HF.[@b14-cmc-suppl.2-2015-047] Carvedilol, which also has antioxidant properties, as well as the angiotensin-converting enzyme inhibitor enalapril, have both been studied in the prevention of cardiotoxicity in patients treated with antracyclines.[@b15-cmc-suppl.2-2015-047],[@b16-cmc-suppl.2-2015-047]

Monoclonal antibodies
---------------------

Trastuzumab, a monoclonal antibody directed against the human epidermal growth factor receptor 2 (HER2)/ErbB2 protein, is used in the treatment of HER2-positive breast and gastric cancer.[@b7-cmc-suppl.2-2015-047] In normal cardiac myocytes, the HER2/ErbB2 signaling pathway is responsible for adaptation and response to stress. The interference in this pathway may explain the mechanism of cardiotoxicity.[@b17-cmc-suppl.2-2015-047] The use of trastuzumab can result in the development of LVD,[@b18-cmc-suppl.2-2015-047] with an incidence of 2%--28%,[@b4-cmc-suppl.2-2015-047] and toxicity can be further potentiated when used in combination with anthracyclines.[@b19-cmc-suppl.2-2015-047] Other risk factors for cardiotoxicity include previous cardiac disease, extremes of age, and previous radiation therapy.[@b6-cmc-suppl.2-2015-047],[@b20-cmc-suppl.2-2015-047] Discontinuation of the agent is usually associated with subsequent recovery within 1--3 months.[@b19-cmc-suppl.2-2015-047] The separation in timing of anthracycline and trastuzumab administration can minimize toxicity.[@b3-cmc-suppl.2-2015-047],[@b21-cmc-suppl.2-2015-047] More recently, the landscape of treatment for HER2-positive tumors has grown to include the combination of trastuzumab with other agents such as lapatinib and pertuzumab with the hopes of increasing efficacy in the setting of treatment failure. With this comes the potential for added cardiotoxicity.[@b22-cmc-suppl.2-2015-047] A recent meta-analysis has shown limited cardiac toxicity, with dual therapy, though long-term data are not yet available and only select patient populations have been studied thus far.[@b23-cmc-suppl.2-2015-047]

Bevacizumab is a monoclonal antibody directed against vascular endothelial growth factor (VEGF) used in the treatment of breast, lung, renal, and colorectal cancers.[@b6-cmc-suppl.2-2015-047] The mechanism of cardiotoxicity lies mostly in the interference in endothelial function.[@b17-cmc-suppl.2-2015-047] Bevacizumab is associated with the development of hypertension[@b24-cmc-suppl.2-2015-047]; however, there is a low incidence (1%--3%) of clinical HF.[@b4-cmc-suppl.2-2015-047],[@b25-cmc-suppl.2-2015-047]

Antimetabolites
---------------

5-Fluorouracil is a thymidylate synthase inhibitor used in the treatment of gastrointestinal malignancies such as pancreatic, stomach, colorectal cancers and in breast cancer through the inhibition of DNA replication.[@b26-cmc-suppl.2-2015-047] There is a reported 1.6%--7.6% incidence of cardiac toxicity[@b7-cmc-suppl.2-2015-047] with coronary vasospasm causing ischemia, endothelial dysfunction and thrombus formation, accumulation of toxic metabolites, and direct myocardial injury.[@b19-cmc-suppl.2-2015-047] Clinical presentation is characterized by chest pain, ST-T wave electrocardiogram (ECG) changes, supraventricular/ventricular arrhythmias, and angina.[@b26-cmc-suppl.2-2015-047] A baseline ECG should be obtained and patients should be carefully monitored during infusions for the development of arrhythmias. The need for further ischemic evaluation should be individualized.[@b27-cmc-suppl.2-2015-047]

Microtubule-targeting agents
----------------------------

Taxanes such as paclitaxel and docetaxel are used in the treatment of advanced breast and ovarian cancers as well as various other malignancies, impairing microtubule function needed for cell division.[@b7-cmc-suppl.2-2015-047] Paclitaxel causes massive histamine release that may lead to conduction disturbances and arrhythmias.[@b19-cmc-suppl.2-2015-047] Taxanes have also been associated with early LVD and HF,[@b28-cmc-suppl.2-2015-047] with a 5%--15% incidence with paclitaxel and a 2.3%--8% reported incidence with docetaxel.[@b6-cmc-suppl.2-2015-047] Interestingly, these agents have been shown to potentiate the cardiotoxicity of doxorubicin through an increase in plasma levels and conversion to a more toxic metabolite.[@b29-cmc-suppl.2-2015-047] Though the incidence of taxane cardiac toxicity is low, periodic monitoring has been suggested.[@b27-cmc-suppl.2-2015-047]

Proteosome inhibitors
---------------------

Bortezomib is a proteasome inhibitor approved for the treatment of multiple myeloma and non-Hodgkin's lymphoma,[@b30-cmc-suppl.2-2015-047] while carfilzomib is used in the treatment of refractory or relapsing multiple myeloma.[@b31-cmc-suppl.2-2015-047] Pro-teasome inhibitors interfere with the degradation of cell cycle proteins and ultimately cause cell death. In doing so, these agents can lead to increased apoptosis of smooth muscle cells, endothelial progenitor cells, and impaired endothelial nitric oxide synthase activity, leading to coronary vasospasm. The incidence of clinical HF, reported between 2% and 5% is limited to several case reports.[@b17-cmc-suppl.2-2015-047],[@b31-cmc-suppl.2-2015-047]

Alkylating agents
-----------------

Cyclophosphamide is an alkylating agent used in the treatment of bladder and lung cancer as well as sarcoma and chronic myelogenous leukemia.[@b17-cmc-suppl.2-2015-047] Cyclophosphamide kills rapidly dividing cells as well as resting lymphoid cells, resulting in a decrease in circulating lymphocytes.[@b32-cmc-suppl.2-2015-047] This agent has been shown to cause an acute myopericarditis as well as LVD in 7%--22% of patients that is thought to be dose related.[@b4-cmc-suppl.2-2015-047],[@b33-cmc-suppl.2-2015-047]--[@b35-cmc-suppl.2-2015-047]

Small tyrosine kinase inhibitors
--------------------------------

Tyrosine kinase inhibitors such as sunitinib, imatinib, and lapatinib affect cellular signal transduction, disrupting regulation of the cell cycle, metabolism, transcription, and apoptosis.[@b36-cmc-suppl.2-2015-047] Sunitinib and sorafenib are nonselective agents that inhibit the VEGF pathway with numerous downstream targets, causing unintended cardiac and vascular side effects.[@b37-cmc-suppl.2-2015-047] Sunitinib malate is a tyrosine kinase inhibitor, approved for the treatment of renal cell carcinoma, colorectal cancer, chronic myeloid leukemia, and neuroendocrine tumors.[@b38-cmc-suppl.2-2015-047] Cardiovascular effects of suni-tinib include hypertension, QT prolongation, and a 2%--11% incidence of clinical HF.[@b4-cmc-suppl.2-2015-047],[@b6-cmc-suppl.2-2015-047] In a study of sunitinib, patients were found to develop HF early after initiation of therapy. There was no relation to dose or duration of treatment, and LV dysfunction was not reversible after the termination of therapy.[@b39-cmc-suppl.2-2015-047] Patients with previous LVD or coronary artery disease or those who have already received treatment with anthracyclines are at increased risk of cardiotoxicity with these agents.[@b39-cmc-suppl.2-2015-047],[@b40-cmc-suppl.2-2015-047]

Imatinib is used in the treatment of chronic myelogenous leukemia as well as acute lymphoblastic leukemia.[@b41-cmc-suppl.2-2015-047] Imatinib has been shown to cause reduction in LVEF as well as HF in 0.5%--1.7% of patients.[@b4-cmc-suppl.2-2015-047],[@b42-cmc-suppl.2-2015-047] Sorafenib, used in the treatment of hepatocellular and renal cell carcinoma,[@b38-cmc-suppl.2-2015-047] has been shown to cause myocardial ischemia as well as hypertension.[@b41-cmc-suppl.2-2015-047] Another tyrosine kinase inhibitor lapatinib, which inhibits both ErbB1 and ErbB2, has been shown to cause QT prolongation in addition to reduced LVEF in 1.6% of patients.[@b7-cmc-suppl.2-2015-047] In contrast to trastuzumab, another inhibitor or ErbB2, lapatinib is less car-diotoxic.[@b38-cmc-suppl.2-2015-047] Because hypertension is a common effect observed with agents that interfere with the VEGF pathway, frequent monitoring and early initiation of antihypertensive therapy can facilitate safe continuation of treatment.[@b43-cmc-suppl.2-2015-047]

Radiation therapy
-----------------

With the use of high-energy particles, radiation results in the interruption of cell growth and viability and is an effective treatment against cancer cells, although cardiac myocytes are particularly vulnerable.[@b17-cmc-suppl.2-2015-047] Mediastinal radiation therapy, particularly in higher doses, can result in pericarditis, accelerated atherosclerosis, valvular dysfunction, clinical HF, as well as fatal cardiovascular events.[@b44-cmc-suppl.2-2015-047],[@b45-cmc-suppl.2-2015-047] Risk factors include higher radiation dose (\>30 Gy), young age at exposure, large volume of irradiated heart, longer time since exposure, and use of concomitant cytotoxic therapy.[@b27-cmc-suppl.2-2015-047] Cardiovascular effects of radiation are typically observed several years after exposure, making long-term surveillance critical. Screening echocardiogram and noninvasive stress testing between 5 and 10 years after exposure, depending on risk factors, should be obtained.[@b46-cmc-suppl.2-2015-047]

Conclusion
==========

Cancer therapies work through a variety of mechanisms to destroy cancer cells. Although there have been improvements in the development of targeted therapy, these treatments often lead to unintended downstream side effects and organ damage. While some toxicities manifest at the onset of therapy, others have a more indolent course. Treatment with chemotherapy serves as an independent risk for the development of cardiovascular disease, and thus, these patients should be monitored accordingly. In fact, patients who receive chemotherapy are considered Stage A Heart Failure according to the American College of Cardiology/American Heart Association (ACC/AHA) guidelines.[@b47-cmc-suppl.2-2015-047] Currently, the ACC/AHA Guidelines for HF management have no specific monitoring recommendations for chemotherapy-related cardiotoxicity.[@b48-cmc-suppl.2-2015-047],[@b49-cmc-suppl.2-2015-047] The American Society of Clinical Oncology report the potential for cardiac toxicity with anthracyclines, platinum-based chemotherapy, and trastuzumab however they do not provide specific guidelines for the monitoring and treatment of cardiac dysfunction.[@b50-cmc-suppl.2-2015-047]

Prior to initiation of therapy, patients at risk should undergo a baseline evaluation by an oncologist and cardiologist for risk stratification. Monitoring patients during their treatment can facilitate early intervention with cardioprotective medications or adjustments to the chemotherapy regimen. Several proposed algorithms suggest a measurement of biomarkers and imaging at baseline and at regular intervals throughout therapy.[@b17-cmc-suppl.2-2015-047],[@b27-cmc-suppl.2-2015-047],[@b51-cmc-suppl.2-2015-047] A rise in biomarkers or any abnormal imaging should prompt a cardio-oncology consultation with consideration for initiation of therapy or adjustments to chemotherapy regimen. Specific recommendations for withholding and resuming therapy with anthracyclines and trastuzumab are outlined by the Food and Drug Administration agency.[@b52-cmc-suppl.2-2015-047],[@b53-cmc-suppl.2-2015-047] Following treatment, in the absence of guidelines, the frequency of monitoring should be individualized based on the patient's risk factor profile.[@b54-cmc-suppl.2-2015-047] Treatment of patients who develop HF during therapy is not well described and left to the discretion of the treating physician. Overall, early identification of individuals at risk is essential to limit future complications. A collaborative partnership between the oncologist and cardiologist can facilitate the best care for cancer patients.
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Cancer agents associated with cardiotoxicity.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  CANCER THERAPY                     DRUG               CARDIOTOXICITY                                                        MECHANISM OF CARDIOTOXICITY                                                                  SCREENING
  ---------------------------------- ------------------ --------------------------------------------------------------------- -------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------
  Anthracycline                      Doxorubicin\       LVD, HF                                                               Impaired protein synthesis, formation of reactive oxygen species, inhibition of DNA repair   2D-Echo, Strain[\*](#tfn1-cmc-suppl.2-2015-047){ref-type="table-fn"}, Biomarkers (troponin, BNP)
                                     Daunorubicin\                                                                                                                                                                         
                                     Idarubicin                                                                                                                                                                            

  Monoclonal antibodies              Trastuzumab\       LVD, HF HTN, LVD, HF                                                  Inhibition or ErbB2 pathway inhibits VEGF                                                    2d-Echo, Strain[\*](#tfn1-cmc-suppl.2-2015-047){ref-type="table-fn"}, Biomarkers (troponin, BNP)
                                     Bevacizumab                                                                                                                                                                           

  Antimetabolites                    5-Fluorouracil     Arrhythmia, Ischemia                                                  Coronary vasospasm                                                                           EKG

  Microtubule-targeting agents       Paclitaxel\        Arrhythmia, LVD, HF                                                   Impaired microtubule function, impaired cell division                                        EKG, 2D-Echo
                                     Docetaxel                                                                                                                                                                             

  Proteosome inhibitors              Bortezomib         LVD, HF                                                               Interference with cell cycle degradation proteins                                            2D-Echo

  Alkylating agents                  Cyclophosphamide   Pericarditis, LVD, HF                                                 ROS production                                                                               2D-Echo

  Small Tyrosine kinase Inhibitors   Sunitinib\         HTN, QT prolongation, LVD, HF\                                        Impaired cell signal transduction, cell cycle regulation, metabolism and transcription       2D-Echo, EKG
                                     Imatinib\          LVD, HF\                                                                                                                                                           
                                     Sorafenib\         Ischemia, HTN\                                                                                                                                                     
                                     Lapatinib          QT prolongation, LVD, HF                                                                                                                                           

  Radiation                                             Accelerated atherosclerosis, pericarditis, HF, valvular dysfunction   Microvascular injury, macrovascular injury, valve endothelial injury and dysfunction         2D-Echo, EKG, long-term surveillance
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:**

Obtain when available.

**Abbreviations:** BNP, brain natriuretic peptide; HTN, hypertension; LVD, left ventricular dysfunction; VEGF, vascular endothelial growth factor; HF, heart failure; ROS, reactive oxygen species.
